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A recent study by Poljac et al. [Poljac, E., Lankheet, M. J. M., & van den Berg, A. (2005). Perceptual com-
pensation for eye torsion. Vision Research, 45(4), 485–496] concluded that there was complete perceptual
compensation for ocular torsion, although they did not directly measure ocular torsion. Using a similar
eccentric-gaze paradigm to induce changes in torsion, which were directly measured, we found inconsis-
tent torsional eye movements at eccentric ﬁxation, and also failed to detect a signiﬁcant relationship
between ocular torsion and the perception of line orientation. We then used a stimulus known to induce
large changes in ocular torsion: on-centre yaw rotation. This stimulus induced a consistent change in the
torsional position of the eye which positively correlated to subjects’ visual perception of horizontal.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Subjects with no history of neurological or vestibular disor-
ders can accurately set a luminous line to the horizontal (to
within ±2) when seated upright in a darkened room (e.g. Dai,
Curthoys, & Halmagyi, 1989). In the absence of any changes in
vestibular or proprioceptive inputs, to accurately judge the orien-
tation of a visual line, subjects must completely compensate for
any changes in eye position, in particular for torsional eye move-
ments. To date there is controversy over whether the visual sys-
tem does correct for changes in ocular torsion in the perception
of line orientation, and over the extent of this perceptual
compensation.
There are several types of ocular torsion induced by different
stimuli: (i) Listing’s Law (torsion induced by eccentric gaze or con-
vergence) (ii) vestibular evoked torsion (e.g. static or dynamic
counterroll or on-centre yaw rotation), and (iii) optokinetic torsion
(induced by a visual scene rotating about the line of sight). It is un-
clear whether torsion induced by these different methods is per-
ceptually compensated for to the same extent.
Using the principles of Listing’s Law to induce torsion, Poljac,
Lankheet, and van den Berg (2005) reported that the brain must
fully compensate for ocular torsion when subjects make self-refer-
enced localisation judgements relative to their ‘‘plane of regard”.
The plane of regard was deﬁned as the plane containing the lines
of sight of the two eyes (intraocular axis) and was determined by
instructing subjects to ﬁxate on the location of a prior ﬂashed light.
The only degree of freedom for the plane of regard is when there is
a change in the vertical position of the eyes (Poljac & van den Berg,ll rights reserved.
rgess).2005). Poljac et al. induced torsion by requiring subjects to ﬁxate
eccentric targets at a close viewing distance of 30 cm. The eccentric
ﬁxation positions used were (i) 30 right, 30 downward, (ii) 30
right, 30 upward, and (iii) straight ahead ﬁxation. Subjects had
to indicate whether a brieﬂy ﬂashed target probe was above or be-
low their plane of regard (a position task). The probe could vary
from the ﬁxation position by ±20 in azimuth but only ±2 in
elevation.
Poljac et al. (2005) did not directly measure ocular torsion, but
assumed that all subjects would have consistent torsional position
changes dependent on ﬁxation direction, as described by Listing’s
Law. They hypothesised that if torsion did inﬂuence subjects’
judgement of the location of the target probe relative to their plane
of regard, systematic errors would occur during eccentric ﬁxation.
They found that most of their subjects correctly localised the target
probe’s position, and hence concluded that the torsional position of
the eye does not inﬂuence judgements of alignment, and therefore
must be accounted for.
Also using eccentric gaze to induce a change in the torsional po-
sition of the eye, Nakayama and Balliet (1977) concluded that there
is partial compensation for ocular torsion. Subjects were instructed
to rotate a luminous line to perceived vertical at various eccentric
gaze positions in an otherwise darkened room. Using the method
of afterimages to measure eye movements, Nakayama and Balliet
reported that there was proportionally less deviation in the set-
tings to perceived vertical than in the amount of ocular torsion.
They conclude that ocular motor information available to the per-
ceptual system is not sufﬁcient to ensure accurate judgements of
line orientation but that there is partial compensation for the
torsional position of the eye. They also observed that there was a
linear relationship between the torsional position of the eye and
the errors in perceptual settings.
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ine the relationship between ocular torsion and perception of ori-
entation using a photographic method to measure eye
movements. The subjects’ task was to rotate a display which con-
sisted of two LEDs until one of the two points appeared directly
above the other. Haustein and Mittelstaedt found that there
was no linear relationship between ocular torsion position and
the orientation of the stimulus, and reported signiﬁcant individ-
ual differences. They hypothesized that Nakayama and Balliet’s
(1977) ﬁnding of a linear relationship is a special case of a more
complex relationship.
The studies outlined above provide conﬂicting results
concerning the inﬂuence of ocular torsion induced by changes
in the eccentric position of the eye, based on the principles of
Listing’s Law.
Other studies, however, have examined the relationship be-
tween ocular torsion and perception by inducing torsional eye
movements by changes in vestibular input. Curthoys, Dai, and Hal-
magyi (1991) showed that patients who had undergone unilateral
vestibular neurectomy had large amounts of torsion towards their
operated ear and that this was strongly correlated with the same
patients’ setting of a visual line to perceived visual horizontal. As
the amount of ocular torsion decreased over a period of around 1
year, patients’ perceptual errors also decreased correspondingly.
As Curthoys et al. measured ocular torsion with fundus photogra-
phy they were unable to measure ocular torsion and visual percep-
tion of line orientation simultaneously.
The correlation of visual perception of line orientation with
ocular torsion was found in normal subjects by Wade and Curth-
oys (1997). They found subjects overestimated their roll tilt an-
gle on a human centrifuge as assessed by rotating a visual line
indicator to their perceived gravitational horizontal. A compan-
ion experiment using a non-visual stimulus (a somatosensory
bar) to indicate postural orientation did not show the same over-
estimation found with the visual line stimulus, indicating that
subjects were able to accurately perceive their roll tilt angle.
As the magnitude of the overestimation of their roll tilt angle
with the visual line was closely related to subjects’ ocular tor-
sion in the same tilt positions, Wade and Curthoys concluded
that the overestimation was due to ocular counterroll. In a sec-
ond experiment, Wade and Curthoys investigated the perceptual
settings to horizontal while subjects were undergoing on-centre
yaw rotation. Using on-centre yaw rotation addressed the issue
of perceived changes in self-orientation, as subjects’ setting of
a somatosensory bar to perceived body horizontal did not signif-
icantly differ between values collected during acceleration and
when the subject was stationary. Ocular torsion measures using
videooculography were recorded during a separate testing ses-
sion during on-centre yaw rotation and Wade and Curthoys con-
cluded that the perceived orientation of a visual line is closely
related to the torsional position of the eye.
Pavlou, Wijnberg, Faldon, and Bronstein (2003) examined the
inﬂuence of semicircular canal stimulation on the perception of
orientation through the setting of a luminous line to the subjective
visual vertical (SVV) during yaw axis rotation. They demonstrated
a strong correlation between their simultaneous measures of ocu-
lar torsion and the perception of orientation. However, as it is
known that torsion and perception are not affected the same
way in settings to subjective visual horizontal (SVH) as in settings
to SVV (Betts & Curthoys, 1998; Goonetilleke, Curthoys, Burgess, &
MacDougall, 2004; Mezey, Curthoys, Burgess, Goonetilleke, & Mac-
Dougall, 2004), it is unclear whether the results of Pavlou et al.
(2003) can be directly applied to experiments using settings to
SVH such as the present study.
The above mentioned studies indicate that when torsion is
induced due to changes in vestibular stimulation, there is a corre-lation between the magnitude of the resulting torsion and percep-
tion of visual orientation.
A third group of studies which have reported an inﬂuence of
torsion on the perception of orientation are those which have in-
duced torsion using large-ﬁeld rotating visual stimuli (Cheung &
Howard, 1991; Finke & Held, 1978; Hughes, Brecher, & Fishkin,
1972). Hughes et al. (1972) instructed subjects to judge when a vi-
sual line, rotated by the experimenter and located in the centre of
the rotating visual scene, appeared to be vertical. They found that
subjects’ judgements of verticality were in the same direction as
their torsional eye position and concluded that the orientation of
the image of the visual line on the retina is a factor in subjects’
determination of the orientation of the apparent vertical. However,
Hughes et al. (1972) did not measure eye movements but assumed
that, based on the results of Brecher (1934), the eye rotates in the
same direction as the rotating background. Hence their results
must be interpreted with caution. Finke and Held (1978) required
subjects to set to horizontal a visual line that was located in the
centre of a large rotating visual scene. Using the technique of after-
images to measure eye position, Finke and Held found no relation-
ship between the perception of orientation and ocular torsion. As
ocular torsion and perception of orientation were not measured
simultaneously, and the use of afterimages to measure eye position
is reported not to be accurate (Barnes, 1905; Howard & Evans,
1963), the results of Finke and Held, as well as those of Nakayama
and Balliet (1977), need to be interpreted with care.
More recently Cheung and Howard (1991) measured eye move-
ments using scleral search coils while subjects viewed a rotating
sphere covered with random black dots to induce the sensation
of self-rotation, although this was not measured with a line setting
task. They found that the gain of ocular torsion (slow phase tor-
sional eye velocity/stimulus velocity) was small and highly vari-
able across subjects and found no evidence for this gain being
correlated with the experience of self-rotation reported by the
subjects.
As there are a number of studies with conﬂicting results on the
inﬂuence of ocular torsion on the perception of line orientation it is
necessary to look more carefully at this disagreement. This paper
aims to clarify the issue by using two methods of inducing torsion:
eccentric ﬁxation (torsion due to Listing’s Law) and on-centre yaw
rotation (vestibular torsion). In both studies we obtained simulta-
neous measures of ocular torsion and perceptual settings using a
line orientation task. We used allocentric judgements and since
they are made to an external reference frame (gravitational hori-
zontal) they are not inﬂuenced by subjective sensations of self-
orientation.
In our ﬁrst study we set out to extend the work of Poljac et al.
(2005) by directly measuring ocular torsion induced by eccentric
ﬁxation, rather than estimating its value from Listing’s Law. Owing
to the limitations of our video eye movement recording system we
were unable to use ±30 azimuth and elevation as used by Poljac
et al. and instead were limited to ±15 azimuth and elevation, over
which our camera system was able to obtain reliable measures of
ocular torsion. As the visual stimulus was at a slightly different dis-
tance from each eye, inducing differing amounts of torsion in the
two eyes, coloured ﬁlters were used so that the right eye was able
to see the full visual stimulus while the left eye was only able to
see the central ﬁxation spot. The work of Poljac et al. was extended
by simultaneously measuring ocular torsion and also measuring
subjects’ perceptual orientation settings. Poljac et al. did not mea-
sure perceived orientation directly, but instead required that sub-
jects judge whether ﬂashed points were above or below their
imagined plane of regard. In our study, rather than self-referenced
alignments, subjects were required to make allocentric orientation
judgements by setting a visual line stimulus to gravitational
horizontal.
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relationship between ocular torsion and perception of line orien-
tation by using on-centre yaw rotation which has been docu-
mented to induce large changes in torsional eye position
(Smith, Curthoys, & Moore, 1995) but most importantly has not
been found to affect subjects’ perception of self-orientation
(Wade & Curthoys, 1997).2. Experiment 1: Torsion induced by eccentric gaze
2.1. Method
2.1.1. Subjects
Five participants were used (ages, 63, 37, 38, 35, 24; mean = 40
years) with normal or corrected to normal vision. None reported
any history of auditory, neurological, visual or vestibular dysfunc-
tion aside from typical refractive errors. It must be noted that due
to the close-ﬁtting diving goggles used in our eye movement
recording system, subjects were unable to wear their corrective
lenses. Nevertheless, all subjects were able to clearly see the visual
stimulus and no subjects reported that the goggles or lack of cor-
rective lenses impeded their ability to make accurate settings. All
subjects had participated in similar experiments in the past. All
procedures were in accordance with the Declaration of Helsinki
and were approved by the University of Sydney Human Ethics
Committee. Subjects gave informed written consent and were free
to terminate testing at any time.
2.1.2. Visual stimulus
The visual line stimulus consisted of 11 LEDs (5 blue LEDs on
either side of one central red LED, each of diameter 2.4 mm). The
LEDs were spaced 23 mm apart (so the visual line had a total
length of 230 mm) and mounted on a stiff lightweight plastic rod
covered with non-reﬂective black velvet. Placed at a distance of
approximately 25 cm from the subject, the line subtended a visual
angle of 50. The centre of the visual line was placed at straight
ahead of the right eye, at ±15 or ±10 azimuth and elevation rela-
tive to the right eye. Aside from the visual line, testing was con-
ducted in an otherwise darkened room. The visual line was
mounted on the axis of a computer-controlled stepper motor and
was programmed to rotate about the central LED in the subject’s
coronal plane at a constant speed of 4.8/s in 0.24 steps in either
a clockwise (CW) or counter-clockwise (CCW) direction from the
subject’s point of view. To rotate the visual line CW or CCW sub-
jects held down the right or left mouse button, respectively, on a
modiﬁed three-button mouse. Start positions of 25, 20, 15 and
10 away from horizontal, and the direction of rotation of the vi-
sual stimulus, were randomised. Software written in LabVIEW (Na-
tional Instruments Austin, Texas, USA) (by Hamish MacDougall)
controlled and recorded these rotations so that they could be syn-
chronised off-line with the torsional eye movement data.
2.1.3. Eye movement recording and analysis
Subjects wore modiﬁed Aqua Sphere Seal swimming goggles
with the lenses removed (Aqua Sphere, California, USA). These gog-
gles were used because they were light-weight (200 g including
the cameras, mirrors and infrared lights), and minimised goggle
slippage due to the silicon seal skirt around the frame of the gog-
gles. On a special metal insert between the frame and the silicone
seal, infrared sensitive analogue CCTV cameras (Samsung Mini-
M35B, Allthings Sales & Service, Kelmscott, Australia), half-silvered
mirrors (Coolbeam; OCLI, Santa Rosa, USA) and infrared lighting
were mounted. Each eye was illuminated with infrared light. The
half-silvered mirrors reﬂected images of each eye into the cameras,
while allowing subjects full view of the stimulus. Before testingbegan, the eye movement system was calibrated by requiring sub-
jects to ﬁxate the central LED followed by ﬁxating another LED at
10 azimuth eccentricity. Subjects were then instructed to look
straight ahead and the torsion value at this position was taken as
a baseline value. All subsequent values of torsion were compared
to this baseline value.
Images were recorded on videotape and processed off-line to
determine torsional eye position through polar cross-correlation
of the grey level distribution along an iral circumference. To elim-
inate spurious torsion associated with pupil dilation, pupils were
constricted with 2–3 drops of pilocarpine nitrate (2.0% w/v, Chau-
vin Pharmaceuticals, UK) topically administered 30 min prior to
testing. We have shown previously that pilocarpine does not affect
torsion (Mezey et al., 2004).
Three dimensional (3D) eye movements were measured using
the VidEyeO videooculographic system, based on the Video Torsion
Measurement system which has a sample rate of 25 Hz and is cal-
ibrated to an accuracy of 0.1 and was developed in the Curthoys
laboratory (Moore, Curthoys, & McCoy, 1991; Moore, Haslwanter,
Curthoys, & Smith, 1996). The coordinate system used by VidEyeO
and in this paper is the Fick system. This means that at eccentric
gaze positions, as used in Experiment 1, our torsional values are
not identical to cyclotorsion, the angle of rotation of the eye about
the visual axis (Haustein, 1989). However, substituting cyclotor-
sion values for Fick torsion values at eccentric gaze positions made
only minor differences to the numerical results and no difference
to our conclusions. With the sign convention used for torsion in
this paper, CW torsion refers to a rotation of the upper pole of
the eye towards the subject’s right shoulder and is represented
as a positive eye movement.
To remove blinks, saccades and quick phases, the data were
smoothed using a lowess ﬁlter, in which the data were replaced
by values of a local polynomial ﬁtted to torsion versus time using
a robust weighted least squares (Cleveland, 1979).
2.1.4. Experimental procedure
As in the study of Poljac et al. (2005), subjects in our experiment
were seated upright, with head facing straight ahead. Subjects
were restrained by a padded head holder and a bite bar. As we ex-
pected that there would be unequal amounts of torsion between
the two eyes due to eccentric ﬁxation, a red ﬁlter was used to cover
the left eye so that it was only able to see the red ﬁxation spot
while the right eye was able to see the whole visual line stimulus.
Subjects were instructed to set the visual stimulus to SVH using
the modiﬁed mouse, and were allowed to backtrack and make
small adjustments to the visual stimulus until they were satisﬁed
with the position. They were then instructed to press the centre
button of the mouse to conﬁrm the setting and move onto the next
trial. Pressing the centre button caused the infrared lights to be
turned off for 0.2 s. This ‘blanking pulse’ enabled accurate synchro-
nisation of the line setting and ocular torsion data during subse-
quent processing. All subjects were presented with the same
random order of trials. Each viewing position had 16 repeats, 8
CW and 8 CCW. After the repeats were ﬁnished the room lights
were brieﬂy switched on and subjects were rested before begin-
ning the settings at the next viewing position. Each subject com-
pleted all settings at all viewing positions; the order of the
viewing positions was randomly assigned.
The smoothed ocular torsion measures were synchronised with
the stimulus position measures using S-Plus 6.2 for Windows
using the blanking pulse. To quantify the relationship between
ocular torsion and the visual perception of line orientation, corre-
lation coefﬁcients were calculated between the ﬁnal orientation
of the visual line stimulus and the mean of the last ﬁve data points
of ocular torsion when subjects indicated the stimulus was hori-
zontal. Only data from the right eye were analysed, and the data
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of between-subject variability.
2.2. Results
Subjects reported that this task was quite difﬁcult, with most
reporting difﬁculty in fusing the central ﬁxation spot with both
eyes. Also, subjects reported that it was difﬁcult to be accurate
with their settings at such an eccentric ﬁxation, with one subject
saying that it was similar to making settings to the surface of a
swimming pool whilst underwater.
Fig. 1 shows the mean and conﬁdence interval for both the
ﬁnal ocular torsion position (solid circles) and perceptual set-
tings to gravitational horizontal (open circles) for all ﬁve sub-
jects in all the viewing conditions. All subjects showed a
signiﬁcant change between the torsion values at straight ahead
and those at 15 up and to the left (p < .05). There was no other
consistent relationship between the various viewing positions
across all subjects. For four of the ﬁve subjects, the variability
in ocular torsion was signiﬁcantly less than the variability in
perceptual settings (p < .05 for each subject at each viewing po-
sition). For subject S5 the variability in torsional and perceptual
settings were not signiﬁcantly different, except for the far right
ﬁxation condition, in which variability in ocular torsion was sig-
niﬁcantly less than the variability in perceptual settings. The
variability in the perceptual settings to SVH may reﬂect the dif-
ﬁculty reported in making accurate judgements during eccentric
ﬁxation.
Fig. 2 shows the correlation between ocular torsion and the per-
ception of gravitational horizontal. Two subjects (S3 and S5)
showed a signiﬁcant positive correlation between ocular torsion
and perception of line orientation (p < .05). In subjects S1, S2 and
S3, the torsion values are very small and clustered around zero
with large variability in the perceptual settings.3. Experiment 2: Torsion induced by on-centre yaw rotation
As the ocular torsion induced using eccentric ﬁxation was small
and highly variable within subjects, we decided to measure sub-
jects’ perception of horizontal during a task that is known to in-
duce large amounts of consistent ocular torsion but without
inﬂuencing perceived body position: on-centre yaw rotation
(Smith et al., 1995). Smith and colleagues showed that on-centre
yaw rotation induced CCW torsion during angular acceleration to
the right, and CW torsion during angular acceleration to the left,
and that at the termination of the acceleration the ocular torsion
decayed back to baseline levels. The magnitude of the ocular tor-
sion was dependent on the angular acceleration and varied be-
tween subjects, but averaged 6 for an acceleration of 7.5/s/s.
Using this method—on-centre yaw rotation—Wade and Curth-
oys (1997) showed that subjects’ perceptual error in setting a vi-
sual stimulus to SVH was highly correlated with the torsional
position of the eye, although they were unable to measure ocular
torsion and perceptual settings simultaneously. In this experiment
on-centre yaw rotation was used to induce large amounts of tor-
sion and simultaneous measures of the torsional eye position dur-
ing settings were recorded.
3.1. Method
3.1.1. Subjects
Four participants (ages, 23, 24, 38, 38; mean = 31), with normal
or corrected to normal vision took part in this experiment. Three of
these subjects had also participated in Experiment 1. Other details
are as in Experiment 1.3.1.2. Visual stimulus
The same visual line stimulus used in Experiment 1 was used
but this time the visual stimulus was always located centrally at
eye level and viewed binocularly. As in Experiment 1 the start po-
sition was randomised between 25, 20, 15 and 10 away from
the target position and subjects were required to accurately rotate
the stimulus to visually perceived horizontal in an otherwise dark-
ened room.
3.1.3. Eye movement analysis
The same eye movement measuring system as in Experiment 1
was used and again data were analysed within subjects to mini-
mise the effect of individual differences.
3.1.4. Experimental procedure
Subjects were seated in a ﬁxed-chair human centrifuge (Servo-
Med, Sweden). The chair was positioned so that the axis of chair
rotation passed through the midpoint of the line joining the sub-
ject’s two labyrinths. This ensured that the changes in ocular tor-
sion, and any subsequent changes in perception of line
orientation, were not due to changes in net otolithic stimulation.
Seatbelts and a head holder were used to ensure subject safety
and to minimise the inﬂuence of head and body movements on
the results.
Baseline perception and ocular torsion data were gathered
while subjects were stationary for a minute. Subjects were then
accelerated at 5/s/s to a velocity of 200/s in a CW or CCW direc-
tion. After 1 min at constant velocity subjects were then acceler-
ated at 5/s/s to 200/s in the opposite direction (that is, if they
were rotating ﬁrst at +200/s in a CW direction they would then
be decelerated through 0/s and then to 200/s in one smooth
movement, or vice versa). Again, after 1 min subjects were acceler-
ated at 5/s/s to 200/s in the opposite direction. Finally, after
1 min at constant velocity subjects were decelerated to stationary
at 5/s/s and left for 1 min before the lights were switched on to
mark the end of the test. During the whole testing procedure sub-
jects were asked to make as many settings as possible to SVH and
to be as accurate as possible. The order of the direction of rotation
was alternated between subjects. Only data from the dominant eye
were used for the analysis.
3.2. Results
On-centre yaw rotation induced considerable ocular torsion
during periods of acceleration and induced a corresponding change
in subjects’ visual perception of line orientation (Fig. 3 shows this
relationship in one subject). No subject reported any roll tilt sensa-
tion during the periods of acceleration or constant velocity.
Individual correlation coefﬁcients (Pearson correlation, shown
in Fig. 4) showed a statistically signiﬁcant positive relationship be-
tween the ﬁnal ocular torsion position and SVH (p < .01) for all
subjects.4. General discussion
In Experiment 1 using small eccentricities of ±15, or ±10 azi-
muth and elevation relative to the right eye we failed to ﬁnd any
systematic change in perception of line orientation dependent on
changing eccentric viewing position, similar to Poljac et al.
(2005). However, unlike Poljac et al. we measured ocular torsion
and visual perception of line orientation simultaneously and
though we found that eccentric gaze did induce changes in ocular
torsion, those changes were not consistent between subjects. Also,
the perceptual task required of our subjects was difﬁcult, as indi-
cated by the large variability in the perceptual settings.
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Fig. 1. Ocular torsion and orientation errors for on-centre viewing and four eccentric gaze positions. The mean and 95% conﬁdence interval for both the stimulus settings
(open circle) and ocular torsion (closed circle) is shown. The ocular torsion induced by eccentric gaze is small; there was not a consistent change in torsion between viewing
conditions, and the perceptual data are signiﬁcantly more variable, reﬂecting the difﬁcult nature of the task.
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tween the straight ahead and the furthest left viewing conditionbetween subjects, consistent trends were not observed for the
other viewing conditions. This inconsistency in the torsional
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Fig. 2. Correlation plots between the ﬁnal torsional position and the perceptual settings to SVH in Experiment 1. Two subjects (S3 and S5) showed a signiﬁcant relationship
between ocular torsion and SVH. The signiﬁcant relationship in these two subjects highlights that if a sufﬁcient change in torsion is induced and there is not a large variability
in the perceptual settings, then a signiﬁcant relationship does exist between ocular torsion and perception of line orientation.
S.C. Goonetilleke et al. / Vision Research 48 (2008) 1488–1496 1493changes may also explain why no consistent relationship between
ocular torsion and perception of line orientation was detectable
across all subjects. The torsional values for centre viewing were
not always zero, and this may be due to torsion induced by entrain-
ment, where entrainment is the torsional eye movement response
during active rotation of a visual line (Mezey et al., 2004; see below
for further discussion). Another possibility is that this is due to theslow spontaneous changes in torsional position which have been
observed since accurate torsion measurements have been under-
taken (Ferman, Collewijn, & van den Berg, 1987).
Poljac et al. (2005) did not measure ocular torsion, but assumed
that at a given ﬁxation position all subjects had the same value of
ocular torsion as predicted by Listing’s Law (assuming an identical
displacement plane for all subjects). If Poljac et al. also failed to in-
Fig. 3. Raw data trace showing the change in torsion during yaw angular acceleration in Experiment 2. It can be seen that the slow phase of the ocular torsion is in the
opposite direction to the acceleration and slowly drifts back to baseline levels at the termination of the acceleration. The grey trace is the synchronised line joining the
subjects’ perceptual settings of the visual stimulus to SVH. The white vertical bars indicate periods of acceleration and the grey vertical bars indicate periods of constant
velocity. The outlying black dots correspond to times when the video eye measurement system failed to accurately capture the pupil due to blinks.
1494 S.C. Goonetilleke et al. / Vision Research 48 (2008) 1488–1496duce large amounts of reliable torsion in their subjects, it could be
expected that there would be no relationship with the perception
measures.
Reliable changes in ocular torsion were not induced across sub-
jects and across all viewing conditions. It may have been that the
viewing angles used were too small to show systematic changes
in ocular torsion, hence larger viewing angles should be considered
for future research. However, at very large eccentricities, the ade-
quacy of the video method of torsion measurement needs to be
considered. Also, as greater torsion is induced in the eye furthest
away from the stimulus, the left eye should be the measured eye
during eccentric gaze to the top right. The opposite should be the
case for top left viewing conditions.
Subject S5, the only subject to show a signiﬁcant positive rela-
tionship between ocular torsion and perception of horizontal, re-
ported after the experiment that he was not setting the stimulus
to perceived horizontal. Instead, he was factoring in an error in
perception due to the eccentric gaze position (parallax error) and
reported that he offset the visual line accordingly. In light of this
comment and the ‘‘swimming pool surface” comment it seems that
the eccentric gaze position changes the nature of the orientation
task compared to the same task in primary gaze. This possibility
may apply to alignment judgements as well.
Care should be taken when assuming that all subjects have the
same amount of ocular torsion based on the assumptions of List-
ing’s Law. Previous research by Haslwanter, Curthoys, Black, and
Topple (1994) has shown that there are large individual differences
in the pitch tilt of the displacement plane (ranging from 10 to
10) which is used to calculate Listing’s plane, and those values
would inﬂuence the resulting value of ocular torsion in any given
ﬁxation position. Ferman et al. (1987), who compared actual eye
movement measures with theoretical values calculated from List-
ing’s Law during eccentric ﬁxation, found idiosyncrasy in the value
of ocular torsion between subjects and concluded that the value of
torsion based on Listing’s Law should only be used as a rough
approximation.
In Experiment 2, in which subjects were exposed to on-centre
yaw rotation, during angular acceleration there were large
amounts of torsion with the slow phases in the opposite directionto the angular acceleration, consistent with previous literature
using on-centre yaw rotation. There was then a slow decrease in
torsion back to baseline levels when the subject was at constant
velocity. These changes in ocular torsion were not accompanied
by any reported changes in subjects’ perception of self-orientation:
subjects felt upright the whole time. Perceptual settings showed
large amounts of variability which corresponded to the change in
ocular torsion.
The correlation coefﬁcients comparing the relationship between
ocular torsion and perception of SVH were statistically signiﬁcant
for all subjects. Correlation coefﬁcients were less than one, indicat-
ing that the relationship between the ocular torsional position and
perception is not 1:1 but at some level there is compensation of
torsional eye position by the perceptual system. The strength of
the relationship varied between subjects and this may highlight
the importance of other factors such as attention and fatigue on
this relationship.
Another factor which may have inﬂuenced the results is
entrainment. Entrainment has been deﬁned as the torsional eye
movement response during active rotation of a visual line (Mezey
et al., 2004). The torsional response is in the same direction as the
visual line, and its magnitude is typically around 2. In comparison,
on-centre yaw rotation induces torsion of greater magnitude, with
a range of about 4.
The ﬁndings of Experiment 2 demonstrate that when both ocu-
lar torsion and the perception of line orientation are measured
simultaneously in an experimental setup known to induce consis-
tent changes in ocular torsion there is a strong positive correlation
between ocular torsion and the perception of line orientation. This
is consistent with previous research which has demonstrated that
there is a strong positive relationship between ocular torsion and
perception of line orientation (Pavlou et al., 2003; Wade & Curth-
oys, 1997).
Other studies of the relationship between the orientation of the
eye and perception of SVV have also reported partial compensa-
tion. Using eccentric gaze to induce torsion, Nakayama and Balliet
(1977) and Haustein and Mittelstaedt (1990) found partial correla-
tion between ocular torsion and SVV. Haustein and Mittelstaedt
though concluded that the relationship is non-linear. With vestib-
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Fig. 4. Correlation plots for each subject in Experiment 2 showing the relationship between the mean torsion at the end of each setting and perception of gravitational
horizontal. All values are in degrees. In all subjects there is a strong correlation between the ﬁnal ocular torsion position and subjects’ perception of gravitational horizontal.
Correlation coefﬁcients for each subject are shown and are signiﬁcant at the .01 level.
S.C. Goonetilleke et al. / Vision Research 48 (2008) 1488–1496 1495ular evoked torsion Pavlou et al. (2003) found a 0.83 correlation
between ocular torsion and settings to SVV.
Although the cause of the large torsional eye position changes
during on-centre yaw rotation is uncertain, it is believed that it
is due to stimulation of the semicircular canals and not the otolith
organs (Pavlou et al., 2003; Smith et al., 1995). Tribukait (1999)
showed that during gondola centrifugation there was no roll tilt
stimulus on the otoliths but there was still a tilt in subjects’ per-
ception of horizontal, which implies that semicircular canal stimu-
lation can inﬂuence subjective perception of horizontal.
It is important that there is no change in stimulation of the oto-
liths, as that would lead to subjects’ perceiving changes in self-ori-
entation which may confound the task. Evidence of an absence of
otolithic stimulation is that settings of a somatosensory bar to
self-orientation during on-centre yaw rotation showed no devia-
tion from baseline levels taken while the subject was stationary
(Wade & Curthoys, 1997).
Through the course of this study we were also able to address
some of the shortfalls of previous research by simultaneously mea-
suring ocular torsion with perceptual measurements of line orien-
tation and inducing changes in ocular torsion without changing
subjects’ perception of self-orientation.
Based on previous research and the current ﬁndings, when sub-
jects rotate a visual stimulus to either SVH or SVV the results
should be interpreted with care as the resulting position of thestimulus is affected not just by subjects’ perception but also by
the torsional position of their eyes.
5. Conclusion
The results from Experiment 1 highlight that eccentric gaze
with such small angles is not appropriate for inducing consistent
changes in torsion. The difference in using an allocentric (current
study) versus a self-referenced task (Poljac et al., 2005) is not fully
understood: it may be that with an allocentric task the perceptual
measures are not confounded by subjective sensations of body
orientation.
Experiment 2 ﬁndings demonstrated that when reliable
changes in ocular torsion are induced, there is a signiﬁcant linear
relationship between ocular torsion and perception of line orienta-
tion. The relationship was not unitary indicating that there is some
level of compensation by the visual system.
Future studies that investigate this relationship should consider
using a perceptual task that does not also induce ocular torsion and
may confound the results. We suggest a task where the experi-
menter controls the rotation of the visual line stimulus and sub-
jects indicate that the stimulus is at the target position (e.g.
SVH). It has been shown that active control of the visual line rota-
tion by the subject is much more effective than passive viewing for
inducing entrainment (Goonetilleke et al., 2004).
1496 S.C. Goonetilleke et al. / Vision Research 48 (2008) 1488–1496There are many ways to induce torsion and the current study
utilised two of these: eccentric gaze (torsion due to Listing’s
Law) and on-centre yaw rotation (vestibular torsion). Only in
using on-centre yaw rotation could a clear relationship between
ocular torsion and perception of line orientation be established.
In conclusion, it is believed that the torsional position of the
eye induced by vestibular stimulation is not fully accounted for
by the perceptual system when judgements of line orientation
are made.
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